Many new applications involving moving objects require the collection and querying of trajectory data, so efficient indexing methods are needed to support complex spatio-temporal queries on such data. Current work in this domain has used MBRs to approximate trajectories, which fail to capture some basic properties of trajectories, including smoothness and lack of internal area. This mismatch leads to poor pruning when such indices are used. In this work, we revisit the issue of using parametric space indexing for historical trajectory data. We approximate a sequence of movement functions with single continuous polynomial. Since trajectories tend to be smooth, our approximations work well and yield much finer approximation quality than MBRs. We present the PA-tree, a parametric index that uses this new approximation method. Experiments show that PA-tree construction costs are orders of magnitude lower than that of competing methods. Further, for spatio-temporal range queries, MBR-based methods require 20%-60% more I/O than PA-trees with clustered indicies, and 300%-400% more I/O than PA-trees with non-clustered indicies.
Introduction
GPS has been widely used for a number of years in support of a variety of new applications, including tracking of vehicle fleets, navigation of watercraft and aircraft, the emergency E911 service for cellular phones [13] . Such applications would benefit greatly from an ability to make complex spatio-temporal queries on databases containing huge amounts of trajectory data about objects moving in two or higher dimensional space.
Work already exists on developing indices to support spatio-temporal queries. Such work is typically either in support of predictive queries, which require the future location of objects based on their current locations and velocities (for example, "find all objects that will be within Union Square in 10 minutes"), or in support of historical queries, which query the past locations of moving objects (for example, "find all objects which were at the intersection of Freeway 10 and 15 an hour ago"). In this paper, we focus on historical queries, intended to search a large set of historical trajectories.
In general, we can classify indexing methods into Native Space Indexing methods (NSI), and Parametric Space Indexing methods (PSI) [18] . In NSI, motion in a d-dimensional space is represented as a series of line segments (or curves) in d + 1 dimensional space, using time as an additional dimension. PSI can be regarded as the dual transformation of NSI, where a parametric space defined by the motion parameters is used. PSI has be shown to be an efficient approach for predictive queries, for example, TPR-tree [19] , TPR*-tree [22] , STRIPES [16] .
PSI has not been advocated in the literature for historical queries. Indeed, Porkaew et al. [18] showed that PSI was actually outperformed by NSI for historical queries. Unlike the predicted trajectory case, which uses only one predicted motion function for each object, each historical trajectory could consist of hundreds or even thousands motion functions. PSI will hence introduce large storage overheads, and significantly degrades query performance. As a result, much previous work on historical queries has attempted to index each trajectory in the native space, using approximations such as Minimum Bounding Rectangles (MBRs) [9, 8] , Octagons [25] , or regular grid cells [4] . However, as shown by Kollios et al [10] , MBRs are rather coarse approximation for trajectory. A trajectory typically consists of a series of line segments or curves, and does not have any internal area. Consequently, using MBRs may result in a large amount of dead space, leading to a significant loss in pruning power.
Our Work
In this paper, we revisit the issue of indexing historical trajectory in parametric space. Unlike previous work in the area [18], we do not represent each line segment or curve with a parametric function. Instead, we try to approximate a series of line segments or curves with a single continuous polynomial. This approximated trajectory may not perfectly match the original trajectory. However, if we also keep track of the maximum deviation between the approximation and the original movement, we can still ensure that the approximation is conservative, and will not generate false negatives. Therefore, as long as the maximum deviation is small, the approximated polynomial function and the maximum deviation together provide a much tighter approximation than the generally used MBRs. We are therefore able to improve query performance significantly.
The fundamental observation behind our scheme is that trajectories, in general, have a certain degree of smoothness, as suggested in [3] . First, object movements are governed by the laws of physics, resulting in smooth motion trajectories. Second, many objects are constrained to move along road networks, which usually have some degree of smoothness. Indeed, for similarity-based queries, exploiting the smoothness of trajectories has yielded performance far better than that of previous methods [3] .
The work in [3] also uses polynomials to approximate trajectories, but there are major differences between our work and theirs. First, [3] targets similarity-based queries, and defines similarity over entire trajectories of equal length, ignoring the time components. Hence the techniques in [3] are generally not applicable to spatio-temporal databases, where the time component is crucial in answering timestamp or time interval queries [17] . Second, the lower-bound lemma in [3] is only valid for similarity queries, so that other approaches are needed to deal with spatio-temporal queries using polynomial approximations. Further, [3] uses approximations of the same degree for all the trajectories, which can cause serious difficulties when the approximation degree is high. In contrast, we use different polynomials of different degrees for different trajectories, and develop a two-level index structures to avoid this problem.
